Abstract: This paper analyzes parameter tuning and quantitative validation of a discreteevent model for egress dynamics from buildings, suitable for designing and testing evacuation control algorithms. Firstly, a simulation model within the MATLAB/Simulink environment is implemented, by means of SimEvents toolbox. The proposed modeling approach is based on queuing networks and discrete-event systems, where connection of elementary queues representing building elements allows to simulate complex environments. The resulting model trades off between accuracy in representing the dynamical behavior of crowd during evacuation and the need of reducing the complexity of controller structure and design process. Then, a detailed model is developed within the buildingEXODUS environment, which is assumed as a reliable representation of the evacuation process for validation and tuning of the SimEvents model, making up for the lack of suitable experimental data. Simulation proved the validity of the proposed approach.
INTRODUCTION
Models of collective motion gained increasing importance in buildings design and management of emergency situations requiring fast evacuation. In fact, the stampede of panicked crowd is one of the forms of collective behavior that often causes serious physical injury and loss of life. Although new strategies to prevent abnormal overcrowding have been defined, accidents still occur due to increase of large mass events. In this framework, the availability of reliable models can improve evacuation performances, for two main reasons [Gwynne and Kuligowski (2010) ; Pizzileo et al. (2010) ]. Firstly, models can be used to evaluate the effectiveness of evacuation control strategies, providing useful data for comparative analysis of alternative escape plans. Secondly, models can be used for real-time management of evacuation to predict crowd dynamics and allow to take timely actions (controlling signs, sending signals or special audible alerts to the crowd, automatic closing or opening of doors, driving security officers, etc.) to influence the evacuation process.
In this paper, the focus is on tuning and validation of the discrete-event model presented in Lino et al. (2009) , which is suitable for designing and testing evacuation control ⋆ This work was supported by the Research Project "Infrastrutture di telecomunicazione e reti wireless di sensori nella gestione di situazioni di emergenza" funded by Apulia Regional Government, Italy.
strategies. More in details, the queueing network model is obtained by assembling simple modules, consisting of elementary queues, each one representing basic components of the building. The aim is to use commercial tools for tuning model parameters, which are related to human physical characteristics and behavior.
A solution for the tuning and validation problems consists in developing a detailed simulation model by a domainspecific tool, which is assumed as a reliable model of the evacuation process. Analysis of performances of the proposed model can be achieved with reference to the detailed model output. To this aim, the buildingEXODUS software package [Galea et al. (2006) ] is used in this paper. This tool has been internationally recognized as a commercial software able to simulate a microscopic model for building evacuation. It has been widely used in literature to validate models or to develop evacuation scenarios for planning the location of the more suitable exits [Schreckenberg and Sharma (2003) ; Waldau et al. (2007) ]. However, if one would use it for verifying the effectiveness of a proposed evacuation control strategy, he would encounter a major problem: once all the crowd attributes and the building geometry have been defined, it is not possible to modify the trend of the simulation. Thus, the development of another tool able to produce comparable results, with the advantage of also being more controllable, would certainly be a breakthrough. To the best of the authors' knowledge, this contribution is a first attempt to combine research modeling studies and commercial tools for designing control strategies. The work in progress for the Research Project employs the modeling results for two different purposes. One is the real time optimization of escape routes by minimizing an objective function, which depends on parameters of the model. The other is the off-line evaluation of performance of the evacuation control algorithms.
Validation of the model represents a crucial step of the developing process, as it guarantees that the model is accurate enough in representing the dynamical behavior of the most significant variables. Generally speaking, the validation protocol of an evacuation model should include at least four main aspects: component testing (by checking performance of the various components), functional validation (by checking the suitability of the model with the intended use), qualitative validation (by checking the ability of the model in reproducing a realistic behavior), and finally quantitative verifications (which call for the comparison of model predictions with reliable data, also by specifying the acceptance level) [Galea (1999) ].
As for the quantitative validation, the main simulation variables that can be considered are the number of individuals evacuated as a function of elapsed time, the exit flow rates (slope of the previous curve), flow rates through specified internal or external doors. The main problem to be faced during the validation process is the lack of suitable experimental data. In many cases, existing data refer to specific situations and cannot be generalized due to the unpredictability of the human behavior. Moreover, the influence of crucial parameters on the evacuation process should be considered: topology of the building, characteristics of the crowd, and environmental conditions. Finally, economic and feasibility reasons make it difficult to organize reliable experiments. This paper is organized as follows. In Section 2 some physical considerations concerning the human behavior and characteristics during motion are introduced. Section 3 describes the SimEvents developed model, and briefly illustrates the buildingExodus model characteristics. In Section 4 quantitative validation of the SimEvents model is performed through comparison with the buildingExodus model results, also with reference to a complex case study. Section 5 draws the conclusions.
MOTION PARAMETERS
A proper setting of some parameters sensitively affects model performances. The above parameters are: the updown and down-up average free walking speeds on stairs, the average free walking speed on a flat terrain, flow rate across exits and transit points, density dependent travel speed across corridors, doors and stairs.
The time necessary to cross rooms, corridors, stairs, depends on the free walking speed, i.e. the speed an individual may reach in an open space. An average value v 0 = 1.34 m/s and a standard deviation of 0.26 for a normal distribution are commonly accepted [Fruin (1971) ; Tregenza (1976); Weidmann (1993) ]. Experimental studies showed that the walking speed nonlinearly decreases with density ρ of individuals [Fruin (1971) ; Tregenza (1976) ]: ρ has almost no influence up to 0.27 P/m 2 , and motion is stopped when ρ max = 5 P/m 2 [Tregenza (1976) ], which is taken as maximum space capacity. Here, we assume the motion of individuals in rooms and corridors as described in [Mitchell and Smith (2001) ], according to the following formula (impeded actual speed):
(1) where n is the number of individuals occupying the area, β and γ are scale and shape parameters.
Eq. (1) has to be modified for motion on stairways, as the walking speed also depends on the stair geometry (angle and riser height). Short and long stairways can be distinguished [Fruin (1971) ; Kretz et al. (2008) ]: for short stairways, average free up-down and down-up speeds of 0.780 m/s and 0.830 m/s are assumed, respectively; for long stairways, an average free speed of 0.423 m/s is assumed. These v 0 values [Kretz et al. (2008) ] are used for the impeded actual speed in (1).
Moreover, interactions between individuals increase with ρ, especially in bottlenecks [Helbing et al. (2000) ] in panic situations. Then, arch-like clusters form and grow at doors, exits, or other critical points, if desired walking speed v d exceeds the critical free walking speed [Helbing et al. (2000) ; Parisi and Dorso (2007) ]. The consequence is a faster-is-slower effect, which decreases outflow with v d , due to interactions (the faster individuals want to move, the slower they evacuate).
MODELING TOOLS

The SimEvents Model
The SimEvents model of the evacuation process represents the phenomenon as a queueing network system composed of elementary queues, each one describing the behavior of individuals in a zone of the evacuated environment, whose parameters depend on physical human peculiarities. A zone could be a room, a corridor, a stairway, a door. Connecting different queues makes it possible to simulate complex networked buildings and environments. More details on the model development process can be found in [Lino et al. (2009) 
Queues with null queueing space and a certain server capacity are used to represent rooms, corridors, stairways. Each queue can accommodate as many people as the capacity of the modeled space [Mitchell and Smith (2001) ], assuming that a unit space has a capacity of 5 P/m 2 . The service time is normally distributed, with an average value given by L/v(ρ), where L is the length of the crossed area. Doors, exits, entrances, and gateways are modeled by queues with a server capacity equal to the maximum number of individuals that can flow through. The queue service rate µ(t) is determined by taking into account the faster-is-slower effect, as described in the following. First of all, it is supposed that the desired walking speed of individuals crossing a bottleneck varies as proposed by [Helbing et al. (2000) ]: is the maximum desired speed, and v(t) the average speed of individuals in the crowd. Then, we compute the queue desired service rate µ d (t) and the average service rate µ(t) as µ d (t) = W v d (t) and µ(t) = W v(t), being W the passage width. Finally, the actual service rate µ(t) is normally distributed with an average value given by [Wang et al. (2008) ]:
where E[µ | µ d ] is the expected value of the service rate µ, µ c is the flow capacity of the passage, and α is a negative constant. To sum up, firstly µ d is computed and compared to µ c , then
Summing up, according to the Kendall notation [Kleinrock (1975) ], we obtain a model composed of state dependent M/G/C/C queues, representing the main aspects of the evacuation process. Since service times depend on the system state, a closed form solution giving the steadystate probabilities of the network cannot be easily found. Thus a queueing network simulation model is developed in the MATLAB/Simulink environment by means of the discrete-event system toolbox SimEvents.
The buildingEXODUS Model
The software buildingEXODUS was developed by the Fire Safety Engineering Group at University of Greenwich to simulate the evacuation of large numbers of people from multi-floor buildings.
In buildingEXODUS, behavior and movement of individuals is based on heuristic or flexible rules operating in submodel levels [Galea et al. (1998) ]. More in details, the occupant sub-model defines people's physical and psychological attributes; the behavior sub-model, which can be defined as normal or extreme, determines people response (initial response, conflict resolutions, overtaking, etc.), whose decision is then passed to the movement sub-model; finally the toxicity and hazard sub-models define the evolving of the risk associated with the fire, smoke, gases, heat and people reaction [Gwynne et al. (2005) ].
Making the buildingEXODUS simulation realistic requires the proper setting of a number of varying attributes (occupants drive and location, exit flow, occupant response time, to mention a few). The main attributes affecting the crowd behavior are patience, response time, and drive attributes. Since normal evacuation conditions are considered in this paper, the patience attribute, which represents the time before individuals recommit to another course of action, was not set. Similarly, response time, i.e. the time elapsed before individuals start to evacuate, was set to 0. Finally, conflict resolution depends on the difference between drive attributes of individuals; simulations have been carried out considering competitive conditions, thus an equal drive has been set for each individual, aiming at reproducing the faster-is-slower behavior close to doors.
SIMULATION RESULTS
Tuning and validation process proceeds in three steps, by comparing output of the SimEvents and the buildingEX-ODUS models. Firstly, the elementary components of the model (i.e. corridors, stairs, doors, respectively), are considered. In particular, rooms can be modeled as corridors by properly setting length and width parameters. Then, prediction capabilities of the model are analyzed on a case study, given by a combination of components. At each step of the validation process, three variables have been analyzed and compared, i.e. people flow rate across the exits, average throughput, and total evacuation time distribution, by considering the average built upon a bench of 25 simulation runs as a result.
Validation of elementary components
The validation of elementary components is performed considering an initial population of 135 individuals, assuming a normal distribution of ages with a mean value of 40. For each component, Tables 1 and 2 compare average evacuation times and throughput over 25 runs computed by the SimEvents (SE) and the buildingEXODUS (bE) models, respectively. In particular, Table 1 depicts time elapsed to evacuate 65, 100, and 135 individuals. Evacuation dynamics on corridors is evaluated considering a simple scheme, including a large room holding individuals at the beginning of the simulation and a 3m wide corridor on a flat floor. The evacuation process is monitored considering a 10m long section of the corridor. It is possible to note that the average overall evacuation time in SimEvents is 6s larger than evacuation time in buildingExodus, while intermediate evacuation times are comparable. This is probably due to a lower walking speed which characterizes the final stages of evacuation process in SimEvents. This result is confirmed by Fig. 1(a) depicting the cumulative number of evacuated individuals over a single run, where the slope of diagrams is the throughput: people evacuate with the same rate, except in the final stage where buildingEXODUS simulation reproduces a faster evacuation. The initial 7s delay represents time needed by the first individual to cross the whole corridor.
To validate the SimEvents stairway model, a 1.2m wide and 5.7m long stairway substitutes the corridor in the previous scheme. Tables 1 and 2 , and Fig. 1(b) , show results for up-down flows. The SimEvents model computes average throughput and evacuation times in accordance with the buildingEXODUS model; a very similar behavior in people flows in Fig. 1(b) validates the efficacy of the developed SimEvents model. Similar results have been obtained considering down-up flows and short stairways, which are not shown for the sake of brevity.
The validation of the door element is performed by using the previous room-corridor scheme, where a door is added at the end of the corridor. It is assumed that one individual can cross the door at a time. In this case, SimEvents and buildingEXODUS models produce almost the same results in terms of average evacuation times and throughput (see Tables 1 and 2) , and evacuation proceeds with comparable exit rates (Fig. 1(c) ). The overall evacuation time is larger than the simple room-corridor case, as the door acts as a bottleneck for the evacuees.
The case study
As a case-study, we consider a lecture room at Technical University of Bari (Fig. 2) .
The room is 294 m 2 large, with a maximum capacity of 270 persons. Sitting desks are vertically distributed from a lower to an upper level, an internal corridor separates desks in two columns and two more external corridors are available. The room has three access/exit points at the lower level (1.6 m wide, maximum flow of 2 persons at a time), and two access/exit doors at the upper level (2.3 m wide, maximum flow of 2 persons at a time). In particular, the lower level central door links room to a main corridor and is barely used. The main and natural flow of students during evacuation is through the upper doors, otherwise through the corridor, especially the ones sitting in the first lines of desks. The teaching staff can use lower exit doors.
The SimEvents model for the case-study divides the room into 3 main areas, representing the lecturer (lower), the desks (middle), and the exit (upper) areas, respectively. The exit area consist of a landing space receiving individuals from stairways and includes two exits. Then, 4 queues are associated to the lower area, 6 queues to the middle area (considering two different flow directions on the stairways, i.e. towards upper and lower exits), and 3 to the last area, i.e. 2 for exits and one for the landing space.
As initial condition, an average population of 100 individuals occupies the room, mainly distributed in the desks area, while the lower and upper areas are sparsely populated. It is assumed that individuals occupying the desk and upper areas mainly evacuate from upper exits. Table 3 depicts the average number of individuals evacuated and overall evacuation time from each exit in buildingEXODUS and SimEvents simulations. It is evident that only few of them try to evacuate from lower exits because routing probabilities depend on the familiarity; for this reason, results concerning the central lower exit are not represented, as it is barely used. Similar distribution of individuals between doors and comparable overall evacuation times are obtained. Also, throughput values in Table 4 are in good accordance. Results about people flows across exits have been compared in Fig. 3 , showing the good prediction capabilities of the SimEvents model. Cumulative numbers of individuals increase almost linearly in all cases, being the doors capacities sufficient to handle the traffic. 
CONCLUSIONS
This paper focused on tuning and validation of a discreteevent system model of the egress dynamics from buildings, which is based on queuing networks. The model was tuned in a MATLAB/Simulink discrete-event simulation environment, by considering significant parameters of the crowd motion and interactions between individuals. The model integrated different queues to represent building elements like rooms, doors, stairways, corridors. Then, a validation was performed by using a commercial software tool, buildingEXODUS, which is recognized to be reliable for simulating evacuation from buildings. Validation results greatly match with those obtained in the tuning phase, both when testing elementary components and when considering a case-study taken from a real scenario, i.e. a large lecture room in our University. This confirms that the adopted modeling approach can be used to implement new and better performing evacuation strategies, based on wireless sensors and actuators and control algorithms routing individuals in safer ways.
